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I.

INTRODUCTION

The extraordinary electronic, transport, mechanical
and other relevant properties make two-dimensional (2D)
materials very promising for device applications at the
micro- and nano-scale. The 2D materials cover the entire
range of electronic classes, from conductors and
insulators, over semiconductors to superconductors, with a
recent ab initio study predicting thousands of novel 2D
materials to be stable under normal conditions [1]. Given
their atomic thickness, appropriate bandgap and transport
characteristics, many of the 2D materials have been
explored theoretically for device applications in nanoscale
field-effect transistors (FETs) [2], [3]. In addition, 2D
material nanostructures such as nanoribbons have also
been explored as they open an avenue for tuning device
performance by quantum confinement effects [4]–[6].
However, the search for an optimum 2D material for
nanoscale FETs continues, especially given the severe
limitations introduced by the high contact resistance at
interfaces between the metal electrodes and the 2D
material channel [7]–[10].
Recently, a metallic monolayer of gallium labeled
gallenene has been experimentally obtained by solid-melt
exfoliation [11] and by epitaxial growth on Si(111) [12]. It
has been shown that gallenene forms two distinct
crystallographic orientations or crystal structures, i.e. a
honeycomb and a rhombic structure, with both being
metallic in their large-area 2D form. In a recent theoretical
study [13] the authors studied gallenene and gallenene
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Abstract—We investigated the bandstructure and
transport properties of semiconducting zig-zag b-gallenene
nanoribbons (GaNR) using orbitally-resolved Hamiltonians
and quantum transport simulations. The impact of GaNR
width scaling on the bandstructure, transmission, bandgap
and conductance is analyzed in detail. We find that GaNRs
exhibit a nontrivial width-dependence of the conductance
that is also nonsymmetric for electrons and holes. Moreover,
bandgaps of up to ~0.95 eV are achievable by nanoribbon
width downscaling. These results are explained by studying
the width-dependent evolution of GaNR bandstructure.

transport direction along zig-zag edge

Fig. 1. Illustration of a semiconducting zig-zag b010-gallenene
nanoribbon. A unit-cell and a super-cell, used for constructing GaNR
Hamiltonians, are marked by the parallelogram and rectangle,
respectively.

nanoribbons (GaNRs) by ab initio density-functional
theory (DFT) calculations, and found a subgroup of
GaNRs that are semiconductors while the others exhibit
metallic properties. Therefore, GaNRs are of interest for
nanodevice applications since they offer a chance to
implement metal electrodes and semiconducting channels
in nanoscale FETs by using the same 2D material, which
alleviates the need for heterostructures in contact regions
and potentially eliminates the creation of Schottky barriers
at channel-contact interfaces.
In this paper, atomistic Hamiltonians with orbital
resolution and non-equilibrium Green's function (NEGF)
formalism [14]–[16] are employed to study the electronic
and transport properties of semiconducting GaNRs. We
demonstrate that when the GaNR width is downscaled in
the ~5.8 nm to ~0.7 nm range, bandgap increases to
0.95 eV, while the conductance shows a nonmonotonic
behavior and exhibits a local maximum for ~1.2 nm and
1.6 nm-wide GaNRs, for electron and hole conductance,
respectively.
II.

MODELING AND SIMULATION METHODOLOGY

The two crystallographic varieties of gallenene are
a100-gallenene, which has a flat hexagonal lattice similar
to graphene but with a larger bond length, and b010gallenene, which exhibits a buckled zigzag rhombic
structure [13] and is illustrated in Fig. 1. While both 2D
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monolayers are metallic, zig-zag b010-gallenene
nanoribbons are semiconductors. Hence, zig-zag b010gallenene nanoribbons are in the focus of this work and
are concisely labeled GaNRs for the sake of simplicity.

G R ( E ) = ( E + i0+ ) I − H − Σ1R ( E ) − Σ 2R ( E ) 

−1

(1)

where H is the device TB Hamiltonian, and Σ matrices
are the retarded contact self-energies that include the
influence of the open boundary conditions at the two
contacts attached to the GaNR [22]. The retarded (GR)
and advanced Green's function (GA) are then used to find
T(E) and D(E), as shown in [15], [23], [24]. Finally, the
conductance (G) for electrons and holes in the conduction
and valence bands, respectively, are calculated by
G=

2e 2 
 df ( E − EF ) 
 T (E )  −
 dE
h 
dE



(2)

where f(E − EF) is the Fermi-Dirac distribution function,
EF is the Fermi level set 50 meV above the conduction
band minimum (CBM) for electron conductance, or
50 meV below the valence band maximum (VBM) for
hole conductance. The conductance calculated at these
levels is labeled ON-state conductance (GON), whereas
OFF-state conductance (GOFF) is found by positioning EF
at the mid-gap energy. In all cases, T = 300 K. The ONOFF conductance ratio (GON/GOFF) is later analyzed as a
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Fig. 2. Energy-dependent transmission through GaNRs of various
widths from 5.82 nm down to 0.70 nm.
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Transmission function, T(E), and density of states,
D(E), are found by using our existing NEGF code that is
developed for quantum transport studies of 2D material
nanostructures and devices [19]–[21]. The starting point
of the NEGF approach is finding the retarded Green's
function of the device, defined as

GaNR width:
0.70 nm
1.16 nm
1.63 nm
2.09 nm
5.82 nm
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Transmission

For GaNR Hamiltonians we use the tight-binding (TB)
model from [13], whose parameters are determined
through a nonlinear fitting algorithm of ab initio
bandstructure data [17]. In that work, Perdew–Burke–
Ernzerhof (PBE) form of the generalized gradient
approximation (GGA) was used to describe the exchange
and correlation terms, and we note that PBE usually
underestimates the bandgap. The unit-cell consists of four
Ga atoms and a basis of four orbitals (s, px, py, pz) is set
for each Ga atom, resulting in a 16×16 matrix for the
unit-cell Hamiltonian. Among the provided TB models in
[13], we use the orthonormal model for b010-gallenene for
simplicity. The GaNR Hamiltonian is constructed by
taking into account all available interaction matrices as
described in [13], [17], [18]. The unit-cell (dotted-line
parallelogram in Fig. 1) is repeated NW times along the
nanoribbon width (W), providing a column super-cell
(dashed-line rectangle in Fig. 1) that is then repeated NL
times along the nanoribbon length i.e. along the transport
direction. An illustration of a GaNR with NW = 3 and
NL = 6 is provided in Fig. 1.
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Fig. 3. Impact of width downscaling on the bandgap of semiconducting
zig-zag b010-gallenene nanoribbons.

metric of digital switching capabilities of nanoscale
GaNR FETs. While GaNR FET simulations are indeed
needed to provide the ON-OFF current ratio, usually
employed in the literature as a parameter for switching
performance assessment, we do not simulate full devices.
Nevertheless, the GON/GOFF parameter can be considered
as an estimate of the upper limit to intrinsic switching of
GaNRs as a potential channel material in nanoscale FETs.
III.

RESULTS AND DISCUSSION

Transmission through GaNRs of various widths in the
0.70 nm to 5.82 nm range is reported in Fig. 2. Width
downscaling modifies the transmission considerably, from
the shape of the characteristics in the conduction and
valence bands, to the extent of the transport gap i.e.
energy range where the transmission is negligible. The
large number of subbands results in many transmission
steps, however, for W = 5.82 nm we note a wide plateau
extending over 435 meV from the CBM, indicating a
single conducting mode available at these energies. In
contrast, valence band transmission is significantly higher
for the same GaNR width, indicating the activation of
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Fig. 4. Bandstructure of semiconducting zig-zag b010-gallenene nanoribbons with the widths of (a) 5.82 nm, (b) 3.02 nm, (c) 2.09 nm, (d) 1.63 nm, (e)
1.16 nm, and (f) 0.70 nm.

more conducting subbands in the valence band than in the
conduction band.
The extracted transport gap coincides with bandgap
(EG) in ideal nanoribbons and is plotted in Fig. 3. The
bandgap increases with the width downscaling, from
120 meV when W = 5.82 nm to 955 meV when
W = 0.70 nm. For logic devices EG should be larger than
~0.5 eV for an efficient suppression of band-to-band
tunneling [25], and this condition is fulfilled for
W < 2.5 nm, which presents a challenge for the practical
realization of GaNR FETs. Nevertheless, experimental
reports on ultra-narrow graphene nanoribbons [26] and
recent fabrication of phosphorene nanoribbons [27]
provide an optimistic outlook. The EG is clearly inversely
proportional to GaNR width, and we note two distinct
regions in the W-dependence. Going from W = 5.82 nm
down to W = 1.63 nm, EG is proportional to ~W−1.44,
whereas the increase is considerably weaker, i.e. bandgap
increases according to ~W−0.19, when the width scaling
proceeds from W = 1.63 nm down to W = 0.70 nm.
The peculiar behavior of the transmission shown in
Fig. 2, and of the bandgap reported in Fig. 3 are explored
in more detail by analyzing the bandstructure (E-k
dispersion characteristics along the transport direction) of
GaNRs of various widths, which are plotted in Fig. 4.
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Band center (k = 0) is the Γ point, and zone edge coincides
with the X high-symmetry point. When W is scaled down,
the bandstructure becomes simpler due to decreased
number of subbands, caused by a smaller total number of
orbitals in a smaller nanoribbon super-cell (see Fig. 1).
Regarding the energy gap, bandgap is indirect for all the
examined GaNR widths except for W = 0.70 nm in which
the bandgap is direct. For the cases when the bandgap is
indirect (5.82 nm to 1.16 nm), the gap is observed
between the CBM at the Γ point and VBM at the X point,
except for W = 1.16 nm for which the CBM occurs in the
X valley and VBM at the Γ point. We conclude that the
bandgap increase reported in Fig. 3 is dominantly caused
by CBM shifting up, while the VBM exhibits a much
weaker change. Moreover, although this is beyond the
scope of the current work, the changing positions of Γand X-valleys should have a strong impact on the
performance of GaNR FETs since these valleys exhibit
different properties such as E-k curvature, electron and
hole effective mass, density of states, etc.
The device properties, e.g. performance of GaNR
FETs, are mainly determined by the bandstructure around
the CBM and VBM, so now we focus on explaining the
observed transmission behavior using the bandstructure
results. The long transmission plateau near the CBM
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The peculiar and complex behavior of the transmission
in the conduction and valence bands of GaNRs is
consequently visible in the width-dependence of GON
plotted in Fig. 5. While GON exhibits a monotonic decrease
with W-downscaling in other monoelemental 2D material
nanoribbons [6], [24], [28], in GaNRs the GON first
increases reaching a maximum for W = 1.16 nm
(electrons) and W = 2.24 nm (holes), and then decreases in
the narrowest devices. The existence of local maxima in
GON-W characteristics is a consequence of bandstructure
evolution with decreasing W, as explained earlier, with the
dominant effect being the crowding of subbands near the
CBM and VBM in the 1 – 2 nm nanoribbon width range.
These results indicate that nanoscale GaNR FETs with
optimum performance could be realized by choosing the
optimum GaNR width between ~1.2 nm and ~2.2 nm.
The hole GON-W curve is qualitatively the same as for
electrons and looks like being shifted towards larger
widths. Quantitatively speaking, hole GON is larger than
the electron GON for W > 1.5 nm, which suggests better
performance of p-channel GaNR FETs than their nchannel counterparts in this W range. The largest
difference between electron and hole GON in favor of the
electron GON equals ~2.7× and occurs for 1.16 nm-wide
GaNRs. For the narrowest device with W = 0.70 nm, both
conductance characteristics reach similar values that are
close to those obtained for the widest examined GaNRs.
Finally, in Fig. 6 we plot the GON/GOFF ratio, which
presents an upper limit to switching between the ON and
OFF states for GaNR devices. As the width decreases, the
ratio increases from only ~4.8 when W = 5.82 nm up to
5 × 107 in 0.70 nm-wide GaNRs, and this increase is
mainly attributed to the strong GOFF decrease and bandgap
increase in narrower devices. The ratio of 104 is reached
for W ~ 2.5 nm, while 106 is possible for strongly scaled
GaNRs with W < 1.8 nm. In comparison to nanoribbons of
other 2D materials, GaNRs display GON/GOFF values that
are much lower than those of phosphorene nanoribbons
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conductance in semiconducting GaNRs.
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obtained for the 5.82 nm-wide GaNR (Fig. 2) is caused by
the first conduction subband going deeply towards the
VBM, as shown in Fig. 4a. When the width decreases, this
subband moves up as can be seen by comparing e.g.
Fig. 4a, b and c. This shift makes the first subband closer
to other conducting subbands and increases the
transmission in the energy range close to the CBM for
1.63 nm and 1.16 nm-wide GaNRs in comparison to the
5.82 nm-wide device. The indirect-to-direct transition for
W = 0.70 nm occurs concurrently with a larger separation
between the conducting subbands, which leads to a
decreased transmission near the CBM in this device in
comparison to the 1.16 nm-wide GaNR. Regarding the
valence band, transmission for holes also changes, but the
modification is not as complicated as for electrons. The
transmission near the VBM is higher than in the CBM for
GaNR widths down to 1.63 nm, due to a richer hole
dispersion. However, for W = 1.16 nm and W = 0.70 nm
the number of subbands is reduced and the transmission
curves for electrons and holes are not as different as for
wider GaNRs.
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[29], but are similar to those of graphene nanoribbons [28]
and much higher than in silicene nanoribbons [24].
Therefore, together with very high GON, the ON-OFF
conductance ratio also contributes to promising electronic
and transport properties of semiconducting GaNRs for
applications in nanoscale FETs.
IV.

CONLUSIONS

Among different types of gallenene nanostructures,
zig-zag b010-gallenene nanoribbons were shown to be
semiconductors and are investigated in this work using
atomistic Hamiltonians and NEGF formalism for the
quantum transport calculations. The GaNR Hamiltonians
are built up using a TB model from the literature that
employs a four-orbital basis for each Ga atom in the
nanoribbon. The impact of nanoribbon width downscaling
on the electronic and transport properties, including
bandstructure, bandgap, transmission and conductance, is
investigated in detail. We show that acceptable bandgap
values of up to ~0.95 eV, and ON-OFF conductance ratios
of up to ~5 × 107 can be obtained by width scaling,
suggesting that ultra-narrow GaNRs are promising as
channel material for post-silicon nanoscale FETs.
Moreover, we demonstrate a nonmonotonic width-
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dependence of the ON-state conductance, with a local
maximum occurring for W = 1.16 nm and W = 2.24 nm,
for the electron and hole conductance, respectively. This
effect, which suggest the existence of optimum widths for
ultra-scaled GaNR FETs, is explained by the crowding of
electron and hole subbands happening in the evolution of
GaNR bandstructure when its width is scaled down.
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